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Abstract we compare Hubble Space Telescope observations of Jupiter's FUV auroras with
contemporaneous conjugate Juno in situ observations in the equatorial middle magnetosphere of Jupiter. We
show that bright patches on and equatorward of the main emission are associated with hot plasma injections
driven by ongoing active magnetospheric convection. During the interval that Juno crossed the magnetic field
lines threading the complex of auroral patches, a series of energetic particle injection signatures were observed,
and immediately prior, the plasma data exhibited flux tube interchange events indicating ongoing convection.
This presents the first direct evidence that auroral morphology previously termed “‘strong injections” is indeed a
manifestation of magnetospheric injections, and that this morphology indicates that Jupiter's magnetosphere is
undergoing an interval of active iogenic plasma outflow.

Plain Language Summary Auroras, known as the “Northern (or Southern) Lights” on Earth, are
spectacular manifestations of energetic processes occurring in the space environment of a planet. The behavior
of Jupiter's magnetosphere is dominated by the planet's rapid rotation, along with the centrifugally-driven
outflow of plasma (ionized gas) originating from active volcanoes on the moon lo. A prominent auroral
feature on Jupiter has for many years been interpreted as a sign that Jupiter's magnetosphere is undergoing
active convection, in which plasma from Io “falls” away from the planet, to be replaced by hot, relatively
empty “bubbles” known as injections, moving inward. This feature comprises prominent patches of bright
emission that are often observed in Jupiter's auroras, though the evidence associating them with injections

has been largely circumstantial. Here we show that the NASA Juno spacecraft flew through such injections in
the equatorial magnetosphere on magnetic field lines mapping to a cluster of auroral patches as observed by
HST. The Juno data also indicated the interval was characterized by signatures of convection and outflow of
plasma originating from Io. This demonstrates that auroral patches are signatures of injections, and that auroral
emissions are an important tool for diagnosing the behavior of planetary magnetospheres.

1. Introduction

The dynamics of Jupiter's magnetosphere are dominated by rotation and centrifugal outflow of plasma originating
from the moon lo. The process by which this outflow occurs is not well understood, but a principal mechanism is
thought to be flux tube interchange, in which magnetic flux tubes loaded with cold plasma interchange radially
with flux tubes populated by less dense, hot plasma moving inward (e.g., Kivelson et al., 1997). These inward
injections of energetic particles have been observed by Galileo (Mauk et al., 1999, 2002) and more recently by
Juno (Haggerty et al., 2019), and comprise transient intervals of elevated particle energies and a characteristic
energy dispersion signature. Plasma injections have been implicated as the cause of corotating, bright patches
of far-ultraviolet (FUV) aurora that often appear in clusters on or equatorward of the main auroral emission on
Jupiter (e.g., Dumont et al., 2018), to the extent that Grodent et al. (2018) named auroral morphology families
exhibiting these features “injections,” and they are often named as such in the literature. The association is
strengthened by the observation that the statistics of their location when mapped to the equatorial magnetosphere
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are consistent with those of observed injections (Dumont et al., 2014). The dynamics of adjacent auroral forms
have been taken as evidence relating auoral patches with radial transport of plasma (Gray et al., 2016), and they
have been observed to appear following dawn storms, which are thought to be associated with large-scale night-
side dipolarization (Bonfond et al., 2021; Ebert et al., 2021; Swithenbank-Harris et al., 2021; Yao et al., 2020).
Spectral scans by the Juno ultraviolet spectrometer (UVS (Gladstone et al., 2017)) and Space Telescope Imaging
Spectrograph (STIS) onboard the Hubble Space Telescope (HST) show gradients in the color ratio across patches
indicative of energy dispersion characteristic of injections (Dumont et al., 2018; Haggerty et al., 2019). Patches
reported by J. D. Nichols, Badman, et al. (2017) were observed ~10 days following a sodium nebula enhance-
ment, possibly indicating enhanced volcanic activity (Morgenthaler et al., 2019), but were also coincident with
a solar wind rarefaction, the occurrence of which has been linked to clusters of injections (Mauk et al., 1999).
Two possible mechanisms for production of aurora are: (a) precipitation of energetic electrons within the injec-
tions, with the loss cone replenished by pitch angle scattering due to wave-particle interactions, or (b) continuity
currents that flow at the leading and poleward edges of localized enhanced ring current associated with the hot
plasma, with the upward component residing at the trailing edge at Jupiter, as at Saturn (Mauk et al., 2002; J. D.
Nichols et al., 2014).

Overall, the observational association of auroral patches with plasma injections and magnetospheric convection
is largely based on the circumstantial evidence outlined above. Only one injection has been observed in situ in the
equatorial magnetosphere contemporaneously with an isolated low latitude auroral patch observed by HST (Mauk
et al., 2002). Those authors reported injections observed by Galileo over a ~5 hr interval on 28 December 2000,
during which the spacecraft trajectory, when mapped along the magnetic field to the ionosphere, passed through
the patch for around ~30 min. The HST image was obtained ~2.5 hr prior to Galileo's intersection with the patch.
This remained the only example of dual particle and remote sensing observations of patches and injections until
Haggerty et al. (2019) reported observations from the vantage point of the high latitude magnetosphere, when
Juno was near to perijove (PJ). They reported injections observed during a number of PJ passes, and focused on
one set (PJ8) with UVS observations of patches. Multiple patches were observed, along with a ~4 hr interval of
injection signatures, but again, only a single auroral patch was magnetically conjugate with an injection. They
concluded that the relationship between auroral patches and injections was more complicated than expected. To
date, therefore, there have been no observations of “injection” auroral patch clusters while a spacecraft is in the
conjugate equatorial magnetosphere, providing a full complement of in situ observations, such that the relation
between auroral patches, injections, and flux tube interchange remains tenuous.

Here, we report HST observations of Jupiter's FUV auroras, along with simultaneous Juno in situ observations
while the spacecraft was in the equatorial middle magnetosphere. We show that a complex of multiple auroral
patches observed by HST was magnetically conjugate with an interval of magnetospheric injection signatures
observed by Juno, and that the magnetosphere was at the time undergoing active flux tube interchange, indicating
an episode of ongoing magnetospheric convection and mass outflow. This provides the first direct evidence of
the association between auroral patches and magnetospheric convection conjectured previously (e.g., Bonfond
etal., 2021; Dumont et al., 2014; Grodent et al., 2018), and demonstrates that auroral morphology is an important
diagnostic of the state of mass outflow activity at Jupiter.

2. Data

The auroral data were obtained using STIS onboard HST as part of program GO-16989. Jupiter's FUV auroras
were observed using the F25SRF?2 filter, which admits light in the H, Lyman and Werner bands. Observations
were obtained in 1-orbit visits, and those considered here are visits 06 and 07. Images with integration times
of 30 s were extracted and reduced using the University of Leicester implementation of the Boston University
pipeline, which has been used extensively in previous studies (e.g., Clarke et al., 2009; J. D. Nichols, Yeoman,
etal., 2017;J. D. Nichols et al., 2009, 2020). The Juno data employed are from the Juno Magnetic Field Investiga-
tion (MAG) (Connerney et al., 2017), Jupiter Energetic Particle Detector Instrument (JEDI) (Mauk et al., 2017),
and the Jovian Auroral Distributions Experiment (JADE) (McComas et al., 2017) instruments. The MAG data
used are the 60 s planetocentric data transformed to magnetic cylindrical polar coordinates (p, ¢, z) with z aligned
with the JRM33 dipole axis (Connerney et al., 2022). A Figure showing Juno's trajectory during this interval is
shown in Supporting Information S1. The local time of the spacecraft was ~19 hr LT, and Juno was mainly in the
southern middle magnetosphere, moving inward at radial distances of ~15 R; (1 R; = 71, 492 km). Throughout

NICHOLS ET AL.

20f9

95UBD17 SUOWWLOD BANER.ID 3(edijdde auy) Aq peuenoB a1e sappie YO ‘98N J0 S3IN 10} AReiq i 8UIIUQO A3]IA LIO (SUORIPUCO-PLE-SWLBILIY A8 | IM ARG BUI|UO//SANY) SUONIPUOD PUe SWS 1 81 39S *[£202/TT/9T] Uo Ariqiauliuo As|IM ‘Uoiinels uce Arigiaber jo AisAIIN A 6YSSOT TOEZ02/620T OT/I0p/LI0Y A8 1M ARelq Ui juo'sgndnBe/sdiy woy papeojumoqd ‘0¢ ‘€202 ‘L008Y6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL105549

each planetary rotation, Juno swept through z owing to the tilt of the planet's magnetic dipole. During the interval
of the HST observations, Juno was moving in toward the magnetic equator from z ~ —5 R,, crossing the Gany-
mede flux shell and the magnetic equator ~1 hr later.

3. Analysis

Representative images from each HST visit are shown in Figure 1; Movies S1 and S2. Both visits exhibit broken
and disordered main emission (ME) characterized by arcs and patches, the latter extending to lower latitudes,
along with relatively bright equatorward diffuse emission. The intensity peaks at ~12 MR in the large patch
labeled A extending from ~153-178° System III(1965) longitude (4,,) and ~2.8 MR in the form situated at
Ay ~ 165-170°, labeled B. A further form at 1, ~ 162° is labeled C. The wider diffuse equatorward emission
was typically a few hundred kR. This overall morphology corresponds to Family I (“Strong Injections”) defined
by Grodent et al. (2018), the name reflecting a “likely” association with magnetospheric plasma injections. Over
the two visits, patch A broke up into several smaller corotating spots. Patches B and C also stayed essentially
fixed in 4;,;. A plot of the intensity in patch B determined from the mean of the emission contained within the
corotating red box drawn in Figure 1, is shown in Figure 2b. The patch dimmed from ~2.8 MR to ~1.1 MR over
the course of the two visits. The yellow and green regions plotted over the projections show the Juno spacecraft
trajectory mapped by field-line tracing using the JRM33 internal field (Connerney et al., 2022) and magnetodisc
(Connerney et al., 1981) models. The uncertainty in mapping due to variable azimuthal current and radial stretch-
ing of the field is shown by the width of the yellow line, illustrating results using the range azimuthal current
intensities calculated by Connerney et al. (2020), that is, uyl, = 242-561 nT. It is evident that the spacecraft
directly traversed the field lines threading patches B and C ~1-2.5 hr following the end of visit 07, and grazed
the equatorward edge of patch A ~1 hr later.

We illustrate this further with keograms in Figure 2a, computed with the spatial coordinate given by the space-
craft mapped trajectory. See the SI for further details but, briefly, for each extracted image, we have obtained the
mean of the auroral intensity over 5 X 5 pixel boxes centered on each mapped trajectory coordinate, computed
with 25 s resolution, which yields the horizontal axis in Figure 2a. We have considered the time interval between
the start of visit 06 at 0945 hr and 1500 hr, indicated by the green portion of the spacecraft trajectory in Figure 1.
The 1D intensity profiles obtained from each image are then stacked to give the vertical axis in Figure 2a, with
the coordinate being the starting time of each 30 s exposure. The diagonal black line with negative unit slope then
corresponds to the track of Juno as it moves along the mapped trajectory. Clearly, only the two intervals corre-
sponding to the times of the HST exposures, where the Juno track intersects the keograms, provide a true reflec-
tion of the auroral morphology at the footprint of the in situ observations, and other times require extrapolation
of the auroral morphology, for which care must be taken. Nevertheless, it is reasonable to suppose that the patch
A and the complex including patches B, and C (labeled in the keogram) remained fixed over the interval, even if
the intensity varied as for for example, patch B in Figure 2b. Two empirical methods of estimating the intensity
of patch B at the time of intersection at ~1400 hr are shown, assuming either exponential decay fitted to both
visits or a linear fit to the second visit. Both yield intensities of ~300-500 kR. Of course, the brightness may have
instead remained around ~1 MR or the morphology may have changed completely. Given the broad similarities
between the morphologies in visits 06 and 07, separated by ~1.5 hr, we consider the latter unlikely. However,
in light of this uncertainty, we have limited the extrapolation to 3 hr following visit 07. Clearly this is somewhat
arbitrary, but seems reasonable given the evident timescale of the variation of auroral intensity.

With this caveat in mind, we turn now to the Juno MAG, JEDI electron and JADE proton data shown in Figure 3.
Starting with the magnetic field shown in Figures 3a—3c, at the time of the HST observations shown by the
gray vertical bars, the spacecraft resides near the edge of the azimuthal current sheet, entering the sheet and
crossing the center around ~1300 hr according to the B, data, in accordance with expectation based on the trajec-
tory in Figure 3f. During this interval, the spacecraft remains equatorward of the magnetosphere-ionosphere
field-aligned current sheet and associated lagging B, field briefly evident before the HST exposures, such that
the azimuthal field takes low values. The lagging B, itself is significant, peaking at ~17 nT, that is, a factor of
~2 larger than expectation based on the Leicester magnetosphere-ionosphere coupling (L-MIC) model (Cowley
et al., 2017). The data are noisy, indicative of the presence of hot plasma, and there is no evidence that the
spacecraft re-emerges from the radial current sheet. Overall, the magnetic field data reveal the occurrence of
magnetosphere-ionosphere coupling associated with significant ongoing mass outflow but, given the equatorial
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Figure 1. Images from the start and end of each visit. Exposure times (corrected for light travel time) and central meridian
longitude (CML) are labeled. In each panel (a—d) we show the unprojected images above and projected images below,
presented in a polar stereographic projection from above the north. The sub-solar longitude is toward the bottom, dawn to the
left and dusk to the right. Yellow and green regions denote the mapped Juno trajectory as described in the text, while the red
line shows the portion of the mapped trajectory covered during the Hubble Space Telescope exposure. Red circles indicated
the mapped location of Juno during the particular image shown. Hour markers are shown in magenta. The red box denotes
the intensity extraction region discussed in the text. Solid gray lines show the mapped Galilean satellites contours, while

the closed red line shows the J. D. Nichols, Badman, et al. (2017) reference main oval. A 10° X 20° graticule is shown with
labeled dotted gray lines. Particular auroral patches discussed in the text are labeled A—C. Auroral intensity is shown on a log
scale as indicated by the color bar.
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location of the spacecraft following the HST observations, there is no

1000 . . . . .o
06 evidence of large current signatures later in the interval, rather only an indi-

~
v
o

cation of the presence of hot plasma.

< 11:00 00 é
g 07 fl250 £ Turning now to the energetic electron data shown in Figure 3d (and discussed
% further in the SI), the principal feature of interest is the presence of multiple
'g magnetospheric injection signatures after ~1230 hr UT. These signatures are
= bursts of elevated electron energies up to a few hundred keV. They exhibit
> zgg g characteristic energy dispersion related to the time since formation, and
‘ | \ 1100 § estimation of their age using the method of Haggerty et al. (2019) yields
UT (Doy 142)10:00  11.00  12.00 13':00 1200 0o 7, ~1.5 + 0.5 hr, implying the injection process finished around the time of visit
Slil lon (deg) 150 138 145 156 169 07. Also shown is the electron kinetic energy flux contained within 20° of the
lat (deg) 87 L >9 >4 >3 anti-magnetic field direction, as close to the loss cone as JEDI can resolve. In
;ggg the sequence of injections between ~1230 hr and ~1500 hr, the energy fluxes
£ 2000 Patch B are around ~100-300 mW m~2, which if precipitated into the ionosphere
3 1388 ------------------ and assuming the canonical conversion efficiency (Gérard & Singh, 1982;
soob by 000000 e Grodent et al., 2001; J. D. Nichols & Cowley, 2022; Waite et al., 1983) would
01000 1100 12:00 13.:00 14:00 15-:00 yield FUV auroral intensities of ~1-3 MR, consistent with the 1.1-2.8 MR
UT (2022-142) observed in patch B (Figure 2b). This implies that either the auroral inten-

Figure 2. Plot showing (a) keograms of auroral intensity computed along the
spacecraft trajectory as discussed in the text, and (b) the evolution of intensity

sities did not continue to fade after visit 07, or the precipitating energy flux
was actually somewhat lower than estimated here. The implication is at least

of patch B. In panel (a), the horizontal axis is the timestamp of the mapped that the energetic electrons detected are easily capable of producing the FUV
Juno trajectory. The auroral features labeled are the main emission (ME), the aurora observed. We have also plotted the anti-field-aligned energetic elec-
Ganymede footprint (G) and auroral patches A, B, and C. The black solid tron energy flux in the keogram in Figure 2a. It is evident that the broad

line shows the mapped Juno track. The times of the Hubble Space Telescope
exposures are highlighted in the horizontal axis by the black bars at the top,
the gray bars representing other times. Vertical red lines indicate the particular

interval of enhanced energy fluxes is consistent with the location of the
complex of auroral patches, as shown by the light blue rectangles. It is less

auroral patches, and the shaded vertical bars indicate the locations of wider straightforward to identify individual auroral patches with particular injec-
patch complexes and features. The yellow plot shows the JEDI energetic tion signatures, likely because of the time gap between the HST and injection
particle field-aligned energy fluxes. In panel (b) the solid and dashed lines observations. Patch A can plausibly be linked to the peak in energy flux at

show estimates of the intensity of Patch B assuming a linear fits to In(/,,,)
including both visits (solid line) and to /,,, including only visit 07 (dashed
line). The point with the error bar illustrates the range of auroral intensities
implied by the energy fluxes in the injection interval.

1445 hr. Patch B is coincident with a minimum in energy fluxes, while patch
C may be associated with the lesser peaked region around 1315 hr. There is a
fainter auroral feature highlighted by the green rectangle (note, drawn behind
the keograms) that perhaps corresponds to the leading edge of the interval of
enhanced energy fluxes, but this is not a strong association. A further feature
present in visit 06 but not in visit 07 is highlighted by the dashed line also lies within the interval of enhanced
energy fluxes. It is finally worth noting that the ~50 mW m~2 energy fluxes observed between ~1100 hr and the
onset of the injections are consistent with the ~500 kR equatorward diffuse emission observed along and around
the Juno trajectory. Considering now the JADE proton energy spectra shown in Figure 3e, the principal features
of interest are signatures of flux tube interchange events in the interval from ~0730 hr to ~1100 hr, consisting
of alternating intervals of cold (few hundred eV) and hotter (1-10 keV) plasma. Flux tube interchange is indic-
ative of ongoing magnetospheric convection, which is consistent with the production of inward injections of hot
plasma, if not necessarily causally related to those observed here. The magnetosphere is more densely populated
with plasma than during intervals when the auroral morphology is less disturbed, as indicated in Figure 4, which
shows a comparison with HST and JADE heavy ion data obtained on 16 October 2021, when Juno was in an
essentially identical meridional location. On 22 May the number density was overall higher and more variable.

4. Discussion

Overall, these results demonstrate that auroral clusters of bright patches accompanied by bright equatorward
diffuse emission are associated with hot plasma injections and ongoing active magnetospheric convection and
outflow of iogenic plasma. The series of injections observed by JEDI was magnetically conjugate with the
complex of auroral patches observed around an hour previously by HST. It is not straightforward to associate
individual patches with particular injection signatures, though this is perhaps unsurprising. Our analysis relies on
the auroral morphology not changing dramatically between HST observation and the spacecraft's track crossing
the patches, though as noted above this does not seem likely, given the timescale of changes in the auroral forms.
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Figure 3. Juno in situ data obtained during this interval. The top three panels (a—c) show magnetic field components after
subtraction of the JRM33 internal planetary field B), B} and B;, in nT in magnetic coordinates. The blue line in panel (c)

show the L-MIC model values. Panel (d) shows the JEDI electron energy spectra along with the anti-field-aligned energy

flux in mW m~2. Panel (e) shows the Jovian Auroral Distributions Experiment proton energy spectra, and panel (f) shows
Juno's z position relative to the Khurana and Schwarzl (2005) current sheet center. The gray regions bound by the dashed lines
illustrate the Hubble Space Telescope exposure times, corrected for light travel. In panel (e) the gray and black bars at the top
indicate intervals of low resolution and high resolution data, respectively.

We also note that the Mauk et al. (2002) event was observed by HST ~2.5 hr before being crossed by Galileo.
Perhaps more likely is steady evolution of the morphology, for example, patches could fade or move. Dumont
et al. (2018) showed that such patches tend to modestly subrotate (>80% of rigid corotation) and drift equator-
ward by up to 1° h~!. This would modify the auroral intensity along the spacecraft track from that suggested by
the keograms, and this may explain the lack of obvious association between small-scale variations in auroral
intensity and the particle energy flux. Two obvious discrepancies are that patch B apparently corresponds to
a minimum in energy flux, and the interval between ~1400 and ~1440 hr corresponds to relatively low auro-
ral intensities, despite the field-aligned energy flux being close to their maximum. Similar discrepancies were
noted in the high latitude observations of Haggerty et al. (2019). An explanation for patch B could be that, as
noted above, regions of hot plasma are expected to be bound on the leading and trailing edges by field-aligned
currents, with the upward component residing on the trailing edge. This could be the cause of patch B, though
this cannot be confirmed by the MAG data, since Juno was very close to the current sheet center. The dark region
between ~1400 and ~1440 hr is less easy to explain, except via auroral morphology variation. Further, while we
have limited the detailed analysis to before 1500 hr, it is evident that the first series of injections continued until
~1700 hr, and indeed auroral patches are observed around to 4,;, ~ 240°, which Juno's mapped trajectory crossed
at ~1720 hr. These patches are poleward of the mapped spacecraft trajectory, but equatorward motion at the rates
reported by Dumont et al. (2018) could easily lead to patches overlapping Juno's trajectory by ~1700 hr. Indeed,
the equatorward boundary of patch B moved equatorward by ~1° over the interval.
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Figure 4. Comparison between the Hubble Space Telescope and Jovian Auroral Distributions Experiment (JADE) heavy ion
data obtained on (a) 16 Oct 2021 and (b) 22 May 2022. In panels (a, b) we show (i) projected images with SIII longitude 180°

toward the bottom, (ii) JADE heavy ion data in the same format as Figure 3e, except that the red bars at the bottom of each

panel indicate the times corresponding to the trajectory in panel (c) shown in red, and (iii) heavy ion number density in cm=.

The z position of the spacecraft is shown in panel (c), with the black and blue colors denoting the epochs as labeled. The red
sections indicate when the meridional coordinates are similar for the two epochs. The thick solid sections of the trajectory
lines indicate the interval for which data are plotted in panels (a, b).

S. Summary

We have compared HST observations of Jupiter's FUV auroras with contemporaneous Juno in situ observations
in the equatorial middle magnetosphere of Jupiter, and shown that:

¢ Bright patches and bright equatorward diffuse emission are associated with hot plasma injections driven by
ongoing active magnetospheric convection.

e HST observed a cluster of bright patches that was magnetically conjugate with a series of energetic particle
injections observed by Juno.

e The plasma data exhibited flux tube interchange events indicating ongoing convection and the magnetometer
revealed enhanced magnetosphere-ionosphere coupling.

¢ The heavy ion density was higher and more variable than a comparable interval when no patches and diffuse
emission were observed.

This presents the first direct evidence that auroral morphology previously termed “strong injections” is indeed a
manifestation of magnetospheric injections, and that this indicates that Jupiter's magnetosphere is undergoing an
interval of active iogenic plasma outflow.

Data Availability Statement

The HST data are available at MAST (J. D. Nichols, 2023). Juno data are from the MAG (Connerney, 2022),
JADE (Allegrini et al., 2022) and JEDI (Mauk, 2022) datasets available at the NASA PDS.
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